Reinforced concrete structures under cyclic exposure to the corrosive environment such as the tidal zone as a part of marine structure entail the higher risk of steel corrosion. In this paper, chloride penetration in concrete exposed to the tidal zone was predicted using a combined moisture and chloride transport model. For the analysis of moisture transport, pore size distribution in concrete was determined from the experimental observation and used to determine the moisture permeability and degree of saturation. en, the chloride profile through nonsaturated concrete cover was calculated by applying the moisture distribution along the penetration depth to the chloride convection and diffusion model. To assess sensitivity of the service life to the environment and concrete mix conditions, this study used three types of tide levels and water to cement ratios in the simulation. Under 10 years of tidal exposure condition, the minimum required cover depth at which the threshold chloride concentration reaches on the steel embedment increases only about 1.13 times as the tide level increases from the minimum to the highest while that for the w/c ratio increases about 1.69 times.
Introduction
e chloride-induced corrosion in RC structures especially exposed to marine environment has been regarded as a major problem in the aspect of structural safety. When a sufficient amount of chloride reaches on the steel surface in concrete, the passive film, maintained by high alkalinity of concrete pore solution, starts to dissolve and steel corrosion easily occurs [1] . After that, serial expansions of the corrosion products can cause concrete cracking from the location of steel embedment, thereby resulting in delineation of the concrete cover [2] . us, to assess the risk of chlorideinduced corrosion and prevent the deterioration process during the life cycle of RC structures, a proper prediction model able to reflect the effects of material and environment actions on chloride ingress would be required.
Under the marine environment, the rate of chloride penetration in concrete largely depends on the exposure condition that changes with daily variation of the tide level [3] . Nevertheless, a number of studies for assessing the chloride ingress at the tidal zone with a single diffusion model have been carried out based on the assumption that the concrete pore network is fully saturated [3] [4] [5] [6] . However, most of the concrete structures exposed to the tidal environment are in nonsaturated state, and the chloride transport is driven by both diffusion via concentration gradient through continuous pore water channel and convection via moisture movement through nonsaturated pores. In fact, as the exposure area becomes higher from the lowest tide level, chloride distribution in concrete becomes hard to be described with a single diffusion analysis since the moisture gradient in concrete simultaneously occurs during the repeated wet/dry cycles [7] .
In the consideration of the transport mechanism in nonsaturated concrete, several prediction models have been developed [8] [9] [10] [11] . Saetta et al. first suggested the S-shaped curve equation relating the chloride diffusivity with the moisture level to predict the chloride penetration under nonsaturated environment [8] . Based on this semiempirical expression of chloride diffusivity, the two-dimensional numerical model for predicting temperature, relative humidity, and chloride transport in concrete was developed by Martin-Pérez et al. [9] . Nielsen and Geiker proposed the moisture dependent chloride diffusivity with a composite theory of the cement matrix to assess the chloride diffusion in nonsaturated state [10] . Recently, Sleiman et al. used the S-shaped curve relation of chloride diffusivity and moisture level to assess the effect of types of moisture adsorption isotherms on the ionic penetration in concrete [11] . However, moisture level at given humidity level largely changes with the concrete pore size distribution which also determines the moisture diffusivity as functions of humidity level and mix condition [12] and thus could affect the rate of chloride penetration in nonsaturated concrete.
e main topic in this study is to evaluate the dependences of tide level and the water to cement ratio on the chloride penetration using the combined moisture and chloride transport model. To implement the numerical calculation of the nonlinear transport behavior in the tidal zone, the finite element method (FEM) was adopted in solving the partial derivative equations with time-dependent boundary conditions. Moisture transport under the wet/dry cycles was modelled based on the statistical permeability theory to relate the pore size distribution in concrete to the moisture permeability. en, chloride penetration in nonsaturated concrete can be predicted by applying the calculated spatial values of moisture transport to the chloride transport model.
Methodology

Moisture Transport.
To predict the chloride transport in nonsaturated concrete, moisture distribution through the concrete depth was determined, considering the liquid and vapour transport which can be expressed as
where w is the moisture content (kg/m 3 ), t is the time, K l is the permeability of the liquid water (kg/m·s·Pa), P c is the capillary pressure (Pa), K v is the permeability of water vapour (kg/m·s·Pa), and P v is the water vapour pressure (Pa). Assuming the thermodynamic equilibrium condition in concrete, it is possible to relate the pressure terms in (1) to the relative humidity (h) such that
where P 0 is the saturation vapour pressure (Pa), ρ w is the density of water (kg/m 3 ), R is the gas constant (J/kg·K), T is the temperature (K), and M w is the water molecular weight (kg/mol).
us, combining (1) and (2), moisture distribution in concrete in terms of relative humidity can be expressed as
where zw/zh is the moisture storage capacity (kg/m 3 ), denoting the slope of water vapour isotherms for adsorption and desorption.
As the humidity level increases, the liquid permeability (K l ) increases due to the increase in the water content in concrete, while the vapour permeability (K v ) decreases due to the decrease in the nonsaturated porosity. K l was determined based on the statistical permeability model [13] , considering the probabilistic effect of the variation of pore sizes on the moisture flow in the porous cement matrix such that
where ∅ is the porosity, τ is the tortuosity determined using a semiempirical model suggested by Nakarai et al. [14] , η is the viscosity of liquid water (Pa·s), f(r) is the normalized pore size distribution, B is the parameter of the RayleighRitz (R-R) density function, and r c is the critical radius below which the pores are fully saturated (m), which can be expressed as
where t a is the thickness of water molecules on the pore wall (m) and r k is the capillary condensation radius (m). t a can be determined according to the BET model [15] such that
In the assumption of the cylindrical pore shape, r k can be determined by using Kelvin's law such that
where δ is the constant dependent on the curvature of liquidvapour interface [12, 15] and c is the surface tension of water (N/m). For the simplicity of the analysis, change in δ during the moisture adsorption and desorption was not considered and assumed to be unity. Before capillary condensation, adsorption of water molecules occurs through the nonsaturated pores, and the rate depends on the vapour permeability that can be described with the Knudsen diffusion model such that
where S is the degree of saturation, l m is the mean free path of the water molecule (m), r m is the mean of pore radii over unsaturated pores (m) which was assume to be 2.5 μm equal to one-half of the maximum pore size, and D y is the diffusion coefficient of water vapour in air (m 2 /s), which was determined by taking into account the water vapour pressure and temperature differences [16] such that 2
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us, the degree of saturation at wetting (S w ) was determined based on the pore size distribution such that
When vapour desorption proceeds, partial water contents remain through ink-bottle pores. By taking into account a probability of interconnection between larger pores and smaller at the given humidity level [13] , the degree of saturation at drying (S d ) can be determined as
When sea water contacts with the concrete surface, it was assumed that water vapour adsorption proceeds into the concrete cover, and the degree of saturation (S) was calculated with (12) . When water vapour desorption proceeds from the inner concrete depth to the environment, the degree of saturation was calculated with (13).
Chloride Transport.
Under the nonsaturated condition, chloride transport in concrete is driven by both diffusion via concentration gradient and convection via moisture flux. Considering the chloride binding during the combined ionic penetration, the mass balance equation for the chloride transport can be expressed as
where C b is the bound chloride concentration in concrete (kg/m /s) which accounts for the rate of combined liquid and vapour transport and can be obtained from (3) such that
e Langmuir isotherm was used to describe a nonlinear relationship between free and bound chlorides.
e derivative formula of the relation indicates the chloride binding capacity [9] , which can be expressed as
where α and β are the binding parameters for the Langmuir isotherm.
Boundary Conditions.
To mimic a typical tidal environment, three types of exposure conditions to the concrete surface were considered as low, medium, and high tide levels, corresponding to 0.3, 0.5, and 0.7 days of daily drying time, respectively. Accordingly, daily wetting time for the chloride ingress decreases from 0.7 to 0.3 days with increasing the tide levels. To do this, moisture and chloride fluxes into or out of the concrete surface were simulated using the following boundary conditions [8] :
where n ⇀ is the outward unit normal at the boundary, B h and B c are the mass transfer coefficients, respectively, for the relative humidity and chloride (m/s), h s and C s are the relative humidity and free chloride concentration at concrete surface, h en and C en are the relative humidity and free chloride concentration at environment, and n is the environment factor, accounting for 1 during wetting and 0 during drying. Other values for the boundary condition are given in Table 1 .
Input Parameters.
To investigate the effects of the mix condition on the chloride penetration in nonsaturated concrete, 0.4, 0.5, and 0.6 of the water to cement ratio (w/c) were considered by using each porosity and pore size distribution, which were determined based on the mercury intrusion porosimetry (MIP). For the MIP test, mortar specimens with 0.4, 0.5, and 0.6 of w/c and 2.15 of the sand to cement ratio were fabricated using ordinary Portland cement (OPC). After water curing at 20 ± 1°C for 56 days, the samples were dried in an oven for 3 days to remove the inside pore solution. en, mercury intrusion was implemented on the treated samples under a constant contact angle (130°). Mercury pressure was gradually increased up to 228 MPa, which then converted into the pore size distribution by using Washburn's equation. With the cumulative porosity data obtained from the MIP, B in (6) was determined with a nonlinear curve fitting method to the data. As for the effective chloride diffusivity, the values for 0.4, 0.5, and 0.6 of w/c were assumed to be 3.9, 7.8, and 12.6E − 12 m 2 /s [17] which were then used in the chloride transport simulation. Other input parameters were assumed to be irrespective of w/c and are given in Table 2 . For the analysis of the combined moisture and chloride transport in concrete, pore size distribution depending on w/c was determined by regression analysis to the MIP data with R-R density function given in (6) . As shown in Figure 1 , the pore radius at maximum porosity increment increases with w/c, accounting for 0.051, 0.115, and 0.244 μm, respectively, for 0.4, 0.5, and 0.6 of w/c. In addition, porosity also increases with w/c, accounting for 0.16, 0.18, and 0.21. ese observations indicate that the higher surplus of mixing water increases the portion of large capillary pores and water-lled porosity when concrete is saturated.
Based on the calculated pore size distribution, moisture adsorption and desorption isotherms can be determined using (12) and (13) . As shown in Figure 2 , the degree of saturation increases nonlinearly with the relative humidity, and the di erence in moisture level between wetting and drying always occurs due to the moisture entrapment through the ink-bottle pores. However, at given humidity level, degree of saturation decreases with w/c since the lower w/c leads to the higher portion of small capillary pores. is can imply that the higher the w/c is, the higher the amount of water content can be adsorbed during wetting or desorbed during drying.
Transport under Tidal Environment.
To solve the nonlinear partial di erential equations for the moisture and chloride transport, MATLAB PDE toolbox was used for the FEM analysis. Numerical calculation with convergence criteria (i.e., below 10 −4 ) was carried out on a twodimensional rectangle domain with 4820 of the triangle mesh and 0.1 days of time step.
en, one-dimensional spatial values were obtained by interpolating the twodimensional simulation results through a straight line from the concrete surface contacted with the ambient condition to the interior of material.
Due to the uctuation of sea level in the tidal zone, moisture and chloride are transported into or out of the concrete surface to distort the concentration distributions with time. When the exposure condition changes from wetting to drying in the medium tide level, corresponding distributions of the moisture and chloride in concrete with 0.5 of w/c were calculated and depicted in Figure 3 . As shown in Figure 3 , the chloride pro le at the end of wetting shows a steep increment in the concentration observed from the concrete surface to about 4 mm of depth below which the cover is nearly saturated. However, the chloride pro le at the end of drying shows lower concentration increment up to about 12 mm of depth below which moisture evaporation toward the concrete surface locally reduces the moisture content. Hence, the maximum chloride concentration accumulated near the concrete surface due to the wet/dry cycles is generated in the convection zone where the moisture intake during wetting and loss during drying repeatedly occur [18] . As shown in Figure 3 (b), the convection zone ranges from the concrete surface to about 12 mm. However, over the convection zone, the chloride concentration generally decreases with the penetration depth and the variation of moisture level is relatively low. us, the convection zone occurs through the concrete depth up to the position at the peak value of the concentration generated after one cycle of drying. Simultaneously, the di usion zone occurs from the end of the convection zone to inner concrete depth where the chloride transport is mostly governed by di usion rather than convection [19] . Moreover, as shown in Figure 3 (a), the chloride pro le redistributed during drying always maintains higher concentration through the inner concrete depth since the higher concentration gradient in the convection zone generated during wetting could accelerate the ionic penetration into the di usion zone during drying.
To investigate the in uences of the tide level and mix condition on the chloride penetration in concrete, three types of daily drying time and w/c were re ected in the moisture and chloride pro les, respectively, as given in Figures 4 and 5 . In these cases, 0.5 of w/c was used as a mix condition for the simulation in Figure 4 , and the medium tide level was used as a boundary condition for the simulation in Figure 5 .
As shown in Figure 4 (a), the chloride pro les at the tidal zone show lower concentrations at the surface, accounting for 0.27-0.44% by cement which is about two times less than that for the submerged zone due to the di usion into the sea water with lower concentration. However, the maximum concentrations accumulated at the interface between convection and di usion zones exceed the surface concentration obtained in the submerged condition by about 1.3-2.5 times through 1-10 years, increasing with the tide level and exposure time. Specially, as the tide level increases, the concentration at 50 mm for 10 years increases from 0.45 to 0.74% by cement, which could lead to the higher risk of chloride-induced corrosion [20] as compared to that for the submerged condition. As shown in Figure 4(b) , the maximum chloride concentration at the interface is shown to increase with the moisture evaporation rate from the inner concrete depth to the surface which is higher as the tide level increases. As the moisture evaporation rate increases at the same exposure time, more chloride sources can be accumulated at the interface due to the increase in nonsaturated porosity during drying [21] which can enhance the convective ow in concrete to draw out the chloride concentration in the di usion zone to the convection zone at a higher rate. Consequently, chloride penetration in concrete is accelerated as tide level increases to elevate the concentration gradient toward the inner depth, despite little variation of water content through the di usion zone.
As shown in Figure 5 (a), chloride transport is highly dependent on w/c, revealing that as w/c increases, chloride concentration at the interface and the overall rate of ionic penetration increase at the same exposure time. For example, the maximum penetration depth for 0.4 of w/c increases from about 16 to 30 mm from 1 to 3 years while that for 0.6 of w/c increases from about 34 to over 50 mm for the Advances in Materials Science and Engineeringsame period. In general, the higher w/c leads to the higher pore connectivity to decrease the tortuosity for the pathway of mass transfer in concrete [22] . According to (5), the tortuosity for 0.4, 0.5, and 0.6 of w/c was calculated to be 3.9, 3.2, and 2.9, respectively. erefore, the increased moisture permeability arose from the decreased tortuosity could promote both the moisture permeation during wetting to allow more chloride source into the concrete and moisture evaporation during drying to enhance the concentration buildup at the interface. Simultaneously, the fraction of large capillary pores generally increases with w/c, as indicated in Figure 1 , which can also elevate the ionic di usion rate [23] due to the large increase in the water-lled porosity through inner concrete depth. As shown in Figure 5(b) , moisture level over the di usion zone for 0.6 of w/c is always higher than that for 0.4 of w/c, implying that the higher rate of chloride di usion due to the increased water lled porosity as well as the e ective chloride di usivity could enhance the overall ionic penetration in nonsaturated concrete.
Service Life Assessment.
To relate the in uential factors (i.e., tide level and w/c) to the service life of RC structures built in tidal environment, the maximum chloride concentration at the interface, which largely depends on those factors, was calculated and is depicted in Figure 6 . en, by relating the maximum concentration to the onset of chloride-induced corrosion, sensitivity analysis for designing the minimum required cover depth was carried out on those factors, which are depicted in Figure 7 . In this case, the steel corrosion in concrete was assumed to initiate at which the chloride threshold level (CTL) reaches the steel embedded depth (i.e., cover depth). For the CTL, 0.4% by cement as a total chloride content [24] was used to all the simulations since a large variation in the value, depending on the detection method and chloride exposure condition, has been reported [20] .
As shown in Figure 6 , all the maximum chloride concentrations were determined at drying with 10 days of increments since more chloride sources penetrate into the inner concrete depth after one cycle of wetting, as indicated in Figure 3(a) . As shown in Figure 6 (a), chloride concentrations at the interface are distinctively increased with tide level at the same exposure time while in Figure 6 (b), the concentration evolution depending on w/c is less signi cant. For example, at 10 years of exposure time, the concentration from the low to high tide increases from 1.6 to 2.3% by cement, while that from the 0.4 to 0.6 of w/c only increases from 1.8 to 2.1% by cement. Hence, the convective chloride transport is more signi cant as the tide level increases than the variation of w/c. As shown in Figure 7 , the minimum required cover depth, de ned as the depth with the CTL (i.e., 0.4% by cement), generally increases with the maximum chloride concentration through all the factors. However, the increasing rate of cover depth highly depends on the maximum concentration at the interface. Before reaching about 1.2-1.8% by cement, the cover depth in Figure 7 (a) increases proportionally with the concentration and then increases notably while the transient increase in the cover depth in Figure 7 (b) starts to occur at about 1.4-1.6% by cement. e chloride concentration at the transient increase of the cover depth would be the one at which the chloride buildup at the interface becomes marginal with time, generally observed over 1-2 years in Figure 6 . us, it can be inferred that after a certain amount of chloride accumulate at the interface, chloride di usion would control the overall transport rate due to the large concentration gradient, which are more sensitive to w/c than tide level. In fact, as shown in Figure 7 (b), the required cover depth for 10 years exposure to the medium tide level increases from 41.3 to 71.8 mm as w/c increases from 0.4 to 0.6, while at the same time and mix condition (i.e., 0.5 w/c), the increment in the cover depth in Figure 7 (a) shows a little variation from 52.9 to 59.6 mm with the tide level. Hence, to enhance the durability of RC structures built in the tidal environment, lowering w/c is primarily recommended otherwise regular maintenance, for example, using the technique of electrochemical chloride removal [25] , to reduce the chloride content accumulated at the interface may be essential.
Conclusion
e present study aims to assess the service life of concrete structures exposed to the tidal zone with the proposed numerical model for predicting the moisture and chloride transport in concrete. As the influential factors of the service life, three types of daily wet/dry durations in the tidal zone and water to cement ratios in concrete mix were considered in the simulation. From the result, the following conclusion was drawn:
(1) Pore size distribution, obtained by fitting the R-R density function to the cumulative porosity data in the MIP, was used to determine the moisture permeability and degree of saturation in nonsaturated concrete. Based on the pore size distribution, it was found that the higher w/c in concrete mix leads to the higher portion of large capillary pores and the lower degree of saturation at given humidity level. (2) Moisture and chloride distribution in concrete with variations of the tide level and w/c was calculated over 10 years of exposure period. As the tide level increases, the moisture evaporation rate toward the concrete surface increases to promote the chloride buildup at the interface between convection and diffusion zones and increases the rate of chloride penetration into the concrete cover at the same exposure time. Similarly, as w/c increases, the maximum chloride concentration at the interface increases and simultaneously the rate of diffusion increases due to the higher effective chloride diffusivity and water-filled porosity, thereby increasing the ionic penetration depth at the same exposure time. (3) Sensitivity analysis of the service life to the tide level and w/c was carried out on the calculated chloride profiles over 10 years of exposure time. As a result, the required cover depth at which the CTL reaches on the steel embedment generally increases with the maximum concentration at the interface while the rate of increase in the cover depth with concentration is much higher when the w/c increases from the lowest to the highest, as compared with those for the tide level.
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